Introduction
New functional materials, composed only of earth abundant elements, are required to realize sustainable and environmentally friendly devices. In particular, energy storage, energy conversion, and light emission are key required functionalities, as represented by light-emitting diodes, laser diodes, and solar cells, based on semiconductor devices. Currently, light-emitting diodes and laser diodes are produced from III-V nitride, phosphide, and arsenide semiconductors, such as (Al, Ga, In)N and (Al, Ga, In)(P, As). However, despite rapid technological improvements, light-emitting semiconductors based on III-V group compounds face a serious issue, known as the green gap problem: the emission quantum efficiency decreases to ~20% over a particular green wavelength region compared with the efficiencies in the blue and red regions of ~80% [1] . This effect arises mainly because of the large in-plane lattice mismatch between Inbased III-V group compounds and single-crystal substrates and the thermal instability of Inbased III-V nitrides. Thus, no highly efficient green-light-emitting semiconductor material has been realized for next-generation optoelectronic devices that require high performance in terms of light brightness, quantum efficiency, and color accuracy (i.e., emission bandwidth). Notably, Cu(In, Ga)Se 2 (CIGS) devices are based on the materials that give highly efficient solar cells.
However, rare elements such as In and toxic elements such as As and Se are primary elements used in the above functional practical optoelectronic devices. The required optical band gaps for these semiconductors are in the range of 2.5-1.8 eV.
We have recently proposed ternary Zn-based nitride semiconductors as a candidate for nextgeneration functional optoelectronic semiconductors because of their environmentally benign nature. These materials remain relatively unexplored to date compared with other materials systems such as oxides, chalcogenides, and pnictides. Among them, we focused on CaZn 2 N 2 [2] and its alloy system Ca(Mg 1−x Zn x ) 2 N 2 (x = 0-1) [3] because they have small electron and hole effective masses and a direct a transition-type energy band structure, and their optical band gaps can be continuously tuned from 3.2 to 1.8 eV [3] by traditional semiconductor alloying techniques similar to those used for III-V nitrides and phosphides. Band-to-band photoluminescence is observed from these materials at room temperature in the ultraviolet-red region depending on x; e.g., the x = 0.50 sample exhibits intense green emission with a peak at 2.45 eV (506 nm) [3] . In addition, 2% Na doping at the Ca site of CaZn 2 N 2 converts its highly resistive state to a p-type conducting state. These features of Ca(Mg 1−x Zn x ) 2 N 2 clearly meet the demands of III-V group nitride and arsenide/phosphide light-emitting semiconductors and the optical absorption layers of solar cells.
However, Ca(Mg 1−x Zn x ) 2 N 2 (x = 0-1) samples are polycrystalline bulk materials [2, 3] , synthesized at an ultrahigh pressure of 5 GPa and have not previously been made in a thin-film form suitable for device applications. The development of appropriate thin-film growth techniques is therefore necessary to realize next-generation semiconductor devices based on these materials. This would be the most important for future application such as photovoltaic and light-emitting electronic devices. In this study, we work toward thin-film growth of one (i.e., x = 1) of the end-members of Ca(Mg 1−x Zn x ) 2 N 2 (x = 0-1) and succeed in it by a molecular beam epitaxy technique with a radio-frequency-generated active N-radical source (RF-MBE). This is the first demonstration of the fabrication of CaZn 2 N 2 epitaxial thin films.
Experimental procedures
Heteroepitaxial CaZn 2 N 2 thin films were grown by RF-MBE on substrates, heated by an electrical resistance heater at substrate temperatures (T s ) between 250 and 300 °C. We used ~5 μm thick GaN (0001) template layers on α-Al 2 O 3 (0001) single crystals, Y-stabilized ZrO 2 (111) single crystals (YSZ), and silica glass as substrates for the growth. The YSZ was thermally annealed at 1350 °C in air before use; whereas, the other substrates were used as received.
During the thin-film growth, the internal nitrogen gas pressure of the MBE growth chamber, which had a base pressure of 2×10 −8 Pa, was set to be 1×10 Pa, both evaporated from Knudsen cells at cell temperatures of 215-300 °C for Zn and 460-540 °C for Ca, which were equipped at 230 mm far from the substrate.
Crystalline phases of the fabricated films were characterized by X-ray diffraction (XRD) with incident Cu Kα 1 and Kα 2 radiation (averaged λ = 1.541 Å) with Bragg-Brentano geometry.
High-resolution XRD (HR-XRD) with a monochromated Cu Kα 1 source (λ = 1.540562 Å) was used to evaluate the structure parameters such as lattice parameters. The crystallite sizes for out- 
Results and discussion
Prior to heteroepitaxial thin-film growth of CaZn 2 N 2 by RF-MBE, we attempted growth by in situ pulsed laser deposition (PLD) and postdeposition thermal annealing via the reactive solidphase epitaxy (R-SPE) technique [4] , which is an effective film-growth technique for heteroepitaxial growth of complex compounds with high vapor pressure elements such as Zn, Cu, and related chalcogenides [5] [6] [7] [8] . However, we could not obtain a CaZn 2 N 2 phase by these approaches. The details are explained in the Supporting Information (Text S1). These results clarified that the equilibrium process occurring through thermal annealing is not suitable for growing CaZn 2 N 2 . Additionally, one nonequilibrium processes, in situ PLD, could not also templates formed on α-Al 2 O 3 (0001) at a vapor pressure ratio of P Zn /P Ca = 2.4 at an internal active N radical gas pressure (P N ) of 7×10 −3 Pa. In this optimization, we used a T s value lower than 320 °C because of the decomposition temperature of CaZn 2 N 2 (320 °C) determined from thermal desorption spectroscopy of CaZn 2 N 2 powder (see Figure S4 ), at which point major constituents such as Zn started to evaporate. At T s = 300 °C, only an impurity phase, characterized as a Ca-Zn binary alloy, such as CaZn 5 was segregated, indicating a lack of N chemical potential for nitridization at this temperature. Thus, we decreased T s and consequently succeeded in stabilizing the CaZn 2 N 2 phase at a lower T s = 250 °C. We note that because our research target is heteroepitaxial growth of CaZn 2 N 2 , thermal energy is required to promote epitaxial growth. Hence, we concluded that 250 °C is the optimum T s to grow epitaxial CaZn 2 N 2 films. Next, we investigated the effects of P N on the growth at T s = 250 °C and P Zn /P Ca = 2.4.
The XRD results in Figure 1c indicate that a single phase of CaZn 2 N 2 was obtained under the examined P N ranging from 4×10
Pa. However, rocking-curve measurements at the CaZn 2 N 2 0001 diffraction peak (data summarized in Figure S5a ) suggested that the crystallinity (Δω) exhibited an inverted-bell-type behavior with respect to P N , as shown in Figure 1d; i.e.,
Δω decreased as P N increased and then started to increase. The Δω value of the CaZn 2 N 2 grown at 7×10 −3 Pa was the narrowest (Δω = 8.1°) among the samples, suggesting that a P N of 4×10
Pa provided a high enough chemical potential to stabilize the CaZn 2 N 2 phase, whereas an excessively high P N prevented effective crystal growth. Hence, there is a critically optimum P N for growth of CaZn 2 N 2 films. Finally, the atomic ratio was tuned to the optimum T s of 250 °C and P N of 7×10 −3 Pa by changing the individual beam fluxes of Zn and Ca, where P Zn was set to be 1×10
Pa and P Ca was set to be 1.4×10
(P Zn /P Ca = 5.3), 2.2×10 [10, 11] . We clarified that the dominant carrier types were ptype (holes) and n-type (electrons) for CaZn 2 N 2 on YSZ and silica glass, respectively. The estimated bulk carrier densities (n) of the thin films on YSZ and silica glass were as low as Although, we attribute the supply of both p-and n-type carriers to carrier compensation, Zn vacancies should be dominant in this case because the atomic concentration of Zn is less than that of N over the whole film. These results suggest that if O contamination is suppressed and the formula stoichiometry is realized, the promising expected and predicted optical and electronic characteristics of CaZn 2 N 2 should be realized.
Conclusions
In summary, we have successfully grown epitaxial thin films of a ternary Zn-based nitride CaZn 2 N 2 semiconductor by RF-MBE, which has previously only been stabilized in the polycrystalline bulk form at an ultrahigh pressure at 5 GPa. The key conditions were to individually and precisely tune P Zn and P Ca and use GaN template layers and an active N-radical source in bright mode, generated at an rf power >300 W. Because in situ PLD and R-SPE did not create a CaZn 2 N 2 phase, this RF-MBE technique represents a promising way to stabilize 
Text S1
The CaZn 2 N 2 synthesized via a solid-state reaction between binary precursors of Ca 3 N 2 and Zn 3 N 2 under a high pressure of 5 GPa contains a large amount of metallic Zn impurities [2] .
Hence, for in-situ PLD growth, we initially removed the metallic-Zn impurity to produce highlypurified CaZn 2 N 2 polycrystalline bulk PLD targets. Figure S1a shows the purification procedure used to prepare the Zn-removed 
